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Abstract The metabolic profile of the brown macroalga
Sargassum cymosum was analyzed after 7 days of laboratory
cultivation in three salinities (30, 35, and 40 psu) and four
irradiation treatments for 3 h per day: PAR-only (control;
70 μmol photons m−2 s−1), PAR+UVA (0.70 W m−2), PAR+
UVB (0.35 W m−2), and PAR+UVA+UVB. Carbon (C) and
nitrogen (N) levels, protein content, free polyamines (PAs),
carbohydrates, phenolics, and enzymatic activities of NADH
dehydrogenase and complex II were analyzed. Treatments
showed variations in CN levels, with a significant reduction
of C, but no evident trend for N, probably as a result of C-N
balance allocation for basic biological maintenance and stress
defense metabolism. Three different PAs were detected, in-
cluding putrescine (PUT), spermidine (SPD), and spermine
(SPM), and their variation could be explained by a defense
mechanism in which PAs bound to phenolic compounds
migrate through the cell wall and then degrade, concurrent
with the photoprotective degradation of chlorophyll.
Metabolic profiles detected through attenuated total reflection
Fourier transform infrared spectroscopy/principal component
analysis (ATR-FTIR/PCA) mostly showed differences in the
metabolism of proteins and phenolics. It can be concluded that
S. cymosum is less affected by salinity than exposure to
ultraviolet radiation (UVR). Further studies are required to
better understand the variation in PAs under resistance to
stress. In addition to its exploitation as a complementary
compound in fertilizer, it is suggested that S. cymosum could
also be studied as a natural product for its antioxidant proper-
ties and high presence of phenolics and PAs, in addition to its
use in nutraceutical products, human food, and animal feed.
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Introduction
Solar radiation that reaches the Earth’s surface mainly consists
of ultraviolet radiation (UVR), photosynthetically active radi-
ation (PAR), and infrared radiation (IR) (Diffey 2002). UVR
penetrates to ecologically significant depths in aquatic sys-
tems that can negatively influence aquatic organisms from
major primary producers to all consumers in the food chain
(Häder et al. 2007). However, for aquatic macrophytes accli-
mated to high solar radiation and growing at the upper shore-
line, UVBmay facilitate or induce recovery processes (Hanelt
and Roleda 2009). Also, moderate levels of UVA may stim-
ulate photosynthesis and growth in both microalgae and
macroalgae (Gao and Xu 2008; Xu and Gao 2009).
Salinity fluctuation in marine environments is another abi-
otic factor that can have a deleterious effect on aquatic organ-
isms. During past decades, reports of the Intergovernmental
Panel on Climate Change (IPCC) have shown that changes in
precipitation have occurred (Parry et al. 2007). In South
America, these changes include an increase in rainfall in
southeast Brazil, Paraguay, Uruguay, the Argentinean
Pampas, and some parts of Bolivia (Parry et al. 2007). Such
rainfall increases in coastal areas, and drainage basins can lead
to higher freshwater volumes seaward, and decreasing salinity
can occur along the coast (Scherner et al. 2012). Changes in
salinity can drive ecological alterations in seaweed communi-
ties since different levels of salinity determine richness and
distribution of species in general (Wilkinson 1981; Martins
et al. 1999; Wilkinson et al. 2007). Many physiological as-
pects of brown seaweeds can be affected by salinity variation,
such as reproduction patterns of Sargassum muticum (Yendo)
Fesholt (Norton 1977; Hales and Fletcher 1990; Steen 2004)
and Alaria esculenta (Linnaeus) Greville (Fredersdorf et al.
2009); growth rates of Laminaria digitata (Hudson) J.V.
Lamouroux, Fucus vesiculosus Linnaeus, Fucus serratus
Linnaeus (Gordillo et al. 2002), and S. muticum (Steen 2004);
and pigment loss and highmortality inA. esculenta, Saccharina
latissima (Linneus), Lane, Mayes, Druehl & Saunders and
Laminaria solidungula J. Agardh (Karsten 2007).
Macroalgae are major biomass producers on rocky shores
and continental shelves. Macroalgal canopies form habitats for
many species of larval fish, crustaceans, and other marine
organisms. In macroalgae, photobiological studies indicate di-
verse physiological alterations in response to UVR that include
pigment degradation, dynamic or chronic photoinhibition of
photosynthesis, and DNA damage (Häder and Figueroa 1997;
Pakker et al. 2000a, b; Pescheck et al. 2014, 2014).
Additionally, polyamines (PAs), including putrescine
(PUT), spermidine (SPD), and spermine (SPM), are small
flexible organic polycations found in almost all cells (Santa-
Catarina et al. 2007; Fuell et al. 2012). Because of their
biochemical properties, PAs are involved in several processes,
including cell growth, plant development, and responses
against multiple stress events. Studies have demonstrated that
plants use PAs as structural platforms for building a wide
range of specialized chemical defenses, including alkaloids
and hydroxycinnamic acid amides (Fuell et al. 2012). Until
now, little has been known about the effect of UVR and
salinity on the content of PAs in brown algae. In marine algae,
PAs have been studied in relation to their occurrence within
different algal groups (Hamana and Matsuzaki 1982), in par-
ticular, their involvement in cell division (Cohen et al. 1984).
Endogenous levels, uptake, and transport of PAs within the
thallus have been reported for Ulva rigida C. Agardh (Baldini
et al. 1994). Lee (1998) reported the accumulation of PUTand
SPD in relation to lethal hyposaline stress in several species of
intertidal marine macroalgae. In addition, PAs have been used
to study the in vitro regulatory events of sporeling morpho-
genesis for Grateloupia doryphora (Montagne) M.A. Howe
(García-Jiménez et al. 1998; Marián et al. 2000). Schweikert
et al. (2014) found that changes in the PA synthesis pathway in
Pyropia cinnamomea (W.A. Nelson)W.A. Nelson in response
to UVR were related to arginine decarboxylase (ADC) activ-
ity, an enzyme responsible for increased PA levels during
stress exposure.
In past years, metabolomics has emerged as the newest area
in functional genomic studies to survey both quantitatively
and qualitatively the whole metabolites of an organism,
reflecting the genome and proteome of a given sample as
analyzed. Among the spectroscopic techniques, attenuated
total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) has been a high-throughput technique commonly
used in the chemical investigation of complex biological
matrices, allowing the detection of metabolic profiles in a
nondestructive, rapid, and reagentless way and representing
a snapshot of the sample’s biochemistry at any given time. In
this sense, unsupervised classification methods, such as prin-
cipal component analysis (PCA), may be employed to explain
the model by establishing a subset of class-discriminating
features. It compresses the attribute space by identifying the
strongest patterns in the data. In this way, the attribute space is
reduced by the smallest possible amount of information about
the original data (Kuhnen et al. 2010).
The present study is a complementary investigation to a
previous study by Polo et al. (2014). When Sargassum
cymosum was treated with UVR and different salinities, this
study used light and transmission electron microscopy to
assess its (1) photoacclimation performance and
photoprotection response relative to cellular organization
and (2) physiological responses, including growth rate,
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pigment contents, production of phenolic compounds, DPPH
radical scavenging capacity, and photosynthetic performance.
Sargassum C. Agardh is a genus of brown macroalgae
widely distributed along the Brazilian coast. Its growth in
amid rocky shores provides habitat and refuge for a large
number of marine invertebrate juveniles, highlighting its im-
portance to the coastal ecosystem. Some species are consid-
ered economically important because they produce chemical
compounds with potential biotechnological applications.
Sargassum is mostly found along rocky shores and could be
partially or completely exposed during low tides when the
entire thallus is exposed to high UVR. Some studies have
reported the effects of UVR on macroalgal photosynthetic
performance, but only a few reports have examined the effects
of UVR on other biochemical processes. For this study, it was
hypothesized that exposure to UVR and different salinities
would alter the biochemical, physiological, and morphologi-
cal processes in S. cymosum. Therefore, this study aimed to
examine the biological effect of UVR (PAR+UVA, PAR+
UVB, and PAR+UVA+UVB) and salinity (30, 35, and
40 psu) on the biochemical profile of the brown macroalga
S. cymosum by analyzing CN levels, soluble protein contents,
free PAs, carbohydrates, total phenolics, and enzymatic activ-
ities of NADH dehydrogenase and complex II. As a comple-
ment to the work of Polo et al., a better understanding of
S. cymosum’s physiological behavior under different UVR
and salinity regimens is thought to be achieved. Since this
report has employed a metabolomics approach, the metabolic
profiles of the studied samples were determined by using a
nonselective detection analytical technique, i.e., ATR-FTIR
spectroscopy, followed by multivariate analysis of the spectral
dataset.
Materials and methods
Several individuals of Sargassum cymosum were collected at
Armação Beach, Ponta das Campanhas (27° 44′ 42″ S and 48°
30′ 27″ W), Florianopolis, SC, Brazil, from November 2012
to February 2013, during the Southern Hemisphere summer
season. The algal samples were collected from the rocky shore
and transported at ambient temperature in dark containers to
LABCEV-Federal University of Santa Catarina (Plant Cell
Labora tory, UFSC, Flor ianopol i s , SC, Braz i l ) .
Macroepiphytes were meticulously eliminated by cleaning
with a brush and washing with filtered seawater. Apical por-
tions of approximately 6 cm were acclimated for 7 days in
culture medium with filtered natural seawater (35 psu) plus
von Stosch enrichment solution at half strength (VSES/2) and
laboratory-controlled conditions of 24±2 °C, continuous aer-
ation, 70±10 μmol photons m−2 s−1 PAR (fluorescent lamps,
Phillips C-5 Super 84 16 W/840, Brazil; LI-COR light meter
250, USA) and 12-h photocycle (starting at 8 a.m.).
After acclimation, apical portions (±2.0 g) were cultivated
for 7 days in beakers containing 500 mL of natural sterilized
seawater and VSES/2 at 30, 35 (control), and 40 psu under
four different conditions of radiation: PAR-only (control),
PAR+UVA, PAR+UVB, and PAR+UVA+UVB for 3 h per
day. Total doses of PAR, UVA, and UVB irradiances were
657.40 (70±10 μmol photons m−2 s−1), 7.56 (0.70 W m−2),
and 3.78 kJ m−2 (0.35 W m−2), respectively. The different
light treatments were achieved based on daily measurements
in the natural condition. Twelve treatments were then per-
formed, and four replicates were made for each experimental
group. Culture conditions were the same as those described
for the acclimation period. VSES was not changed during the
7-day experimental period. Low salinities were obtained with
the addition of distilled water, while high salinities were
attained through gradual freezing and thawing of seawater
until the final concentration was reached. UVR was provided
through a Vilber Lourmat lamp (VL-6LM, France) with peak
output at 312 nm for UVB radiation (UVBR) and peak output
at 365 nm for UVAR, as measured with a radiometerModel IL
1400A (International Light, USA).
Carbon and nitrogen analysis
The quantification of cellular carbon (C) and nitrogen (N) was
carried out in the Analytic Center of the Chemistry Institute,
University of Sao Paulo, Brazil, by using a Perkin-Elmer 2400
(USA) elemental composition analyzer. Dry samples (60 °C)
of 500 mg were ground to a fine powder, and aliquots of 1 mg
were ashed at 925 °C under pure oxygen, triggering complete
oxidation of the material. All C was converted to CO2. N was
changed into several oxides (NxOx) and then to N2.
Individual components from the resultant mixture were sepa-
rated by reduction chromatographic column (640 °C) and
detected through thermal conductivity changes of the prod-
ucts. The total amount of C and N in samples was calculated
as a percentage, standardized per dry weight (DW), and
expressed as μg g−1 DW.
Respiratory chain complex activities
To measure respiratory chain complex activities, samples (n=
4) were homogenized in five volumes of 50 mM phosphate
buffer, pH 7.4, containing 0.3 M sucrose, 5.0 mM MOPS,
1.0 mM EGTA, and 0.1 % bovine serum albumin. The ho-
mogenates were centrifuged at 2,000×g for 10 min at 4 °C.
The pellet was then discarded, and the supernatants were used
to measure NADH dehydrogenase activity, succinate-2,6-
dichloroindophenol (DCIP)-oxidoreductase (complex II) ac-
tivity, and soluble protein content. NADH dehydrogenase
activity was assessed in supernatants by the rate of NADH-
dependent ferricyanide reduction at 420 nm (1.0 mm−1 cm−1),
as previously described by Martins et al. (2013). The method
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described to determine this activity was slightly modified, as
detailed in a previous report by Latini et al. (2005). The
activity of complex II was determined according to the
method of Fischer et al. (1985). The method described to
determine this activity was slightly modified, as detailed in a
previous report by Glaser et al. (2013). Enzyme activity was
calculated as nmol min−1 mg protein−1.
Proteins
Approximately 200 mg fresh weight (FW; n=4) of samples
were macerated and homogenized in 600 μL of 50 mM po-
tassium phosphate buffer, pH 7.4, and sonicated for 5 min.
The amount of soluble protein was determined spectrophoto-
metrically, as described in Lowry et al. (1951), by using
bovine serum albumin (BSA, 0–60 mg mL−1; y=5.9705x+
0.0199; r2=0.994) as standard.
Polyamines
Putrescine (PUT), spermidine (SPD), spermine (SPM), and
cadaverine (CAD) were determined according to the proce-
dures described by Silveira et al. (2004) in the Plant Cell
Biology Laboratory of the Institute of Bioscience, University
of Sao Paulo, Brazil, in association with Dr. Eny I. S. Floh. All
procedures were carried out at 4 °C, and the analyses were
performed in triplicate. Samples (200 mg FW; n=3) were
ground in 3 mL of 5 % (v/v) perchloric acid. After 1 h, the
extracted samples were centrifuged for 20 min at 15,000×g at
4 °C. The supernatants containing the free PAs were removed
and the pellets re-extracted. Supernatants were then combined
and the pellets eliminated. Free PAs were determined directly
from the supernatant. Aliquots of 40 μL of each sample were
derived by adding 100 μL of dansyl chloride, 20 μL of
0.05 mM diaminoheptane, and 50 μL of saturated sodium
carbonate. The samples were then incubated in the dark for
50 min at 70 °C for 30 min. The excess of dansyl chloride was
eliminated by adding 25 μL of proline solution
(100 mg mL−1); the extracts were mixed with 200 μL of
toluene and dried under N flux. The dansylated PAs were
solubilized in 200 μL of acetonitrile, and aliquots of 20 μL
of the dansylated PAs were separated by reverse phase HPLC
in a C-18 reverse phase column (Shimadzu Shin-pack CLC
ODS, 5-μm particle size, L×I.D. 25 cm×4.6 mm). The gra-
dient was developed by mixing increasing proportions of
absolute acetonitrile to 10 % acetonitrile in water (pH 3.5).
The gradient of absolute acetonitrile was programmed to 65%
over the first 10 min, from 65 to 100 % between 10 and
13 min, and 100 % between 13 and 21 min. The flow was
1 mL min-1 at 40 °C. The fluorescence detector was set at
340 nm (excitation) and 510 nm (emission). A mixture of
PUT, SPD, and SPMwas used as standard and then calculated
as mg g−1. All the analytical HPLC-grade reagents were from
Sigma-Aldrich or Merck and were used or prepared as rec-
ommended by the manufacturer.
Metabolic profiling by attenuated total reflectance Fourier
transform infrared spectroscopy
Algal samples (1 g FW) were dried at 45 °C for 24 h and
powdered; KBr was then added for further infrared (IR)
spectroscopy analysis. Using a Bomem spectrometer (MB-
100) with a DTGS detector, ATR-FTIR spectra were recorded
between 4,000 and 400 cm−1, with 64 scans having a resolu-
tion of 4 cm−1. A background spectrum was previously ac-
quired, and the samples (100 mg) were spread and measured
directly after pressing them on the crystal. Three replicate
spectra (128 co-added scans before Fourier transform) were
collected for each sample for a total of 130 spectra. Spectra
were normalized, and the baseline was corrected in the region
of interest (3,000 to 600 cm−1) by drawing a straight line
before resolution enhancement (K-factor of 1.5) using
Fourier self-deconvolution (Opus v. 5.0, Bruker BioSpin).
Data analysis
Data were analyzed by bifactorial analysis of variance
(ANOVA) and the Tukey’s a posteriori test. All statistical
analyses were performed using the Statistica software package
(Release 10.0), considering p≤0.05. For chemometric analy-
sis, principal component analysis (PCA) was applied to the
preprocessed FTIR dataset with the help of The Unscrambler
software (Release 10.2, Camo AS, Norway). PCA is a form of
multivariate analysis frequently used as a preprocessing and
linear dimensionality reduction technique to capture linear
dependencies among attributes of a dataset. Therefore, it is
commonly used for metabolomics profile studies.
Results
Table 1 shows the two-way ANOVA for the analyzed factors,
including contents of C and N; NADH dehydrogenase and
complex II activities and protein content; content of free
polyamines (PAs), including PUT, CAD, and SPD; and total
free PAs and ratio of PUT/SPD.
Carbon and nitrogen analysis
After 7 days of exposure to UVR and different salinity treat-
ments, samples of S. cymosum presented statistical differences
between the levels of CN (Fig. 1a, b). C levels showed very
significant variation in S. cymosum (Fig. 1a) under UVR, with
a decreasing trend under PAR+UVA and almost all salinities.
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Table 1 Two-wayANOVA analysis for carbon (C) and nitrogen (N), NADHdehydrogenase, complex II and proteins, and content of free polyamines (PAs)
Sum of squares (SS) Degrees of Freedom Mean square (MS) Statistical index (F) Probability (p)
Carbon
Intercept 3,249,817 1 3,249,817 980,521.9 0.000000
Radiation 1,251 3 417 125.8 0.000000
Salinity 189 2 95 28.6 0.000000
Radiation x salinity 1,094 6 182 55.0 0.000000
Nitrogen
Intercept 7,365.931 1 7,365.931 195,339.6 0.000000
Radiation 2.177 3 0.726 19.2 0.000001
Salinity 1.985 2 0.993 26.3 0.000001
Radiation x salinity 18.225 6 3.038 80.6 0.000000
Putrescine
Intercept 514.1264 1 514.1264 1,843.257 0.000000
Radiation 1.0937 2 0.5468 1.961 0.162688
Salinity 38.7296 3 12.9099 46.285 0.000000
Radiation x salinity 2.5268 6 0.4211 1.510 0.217429
Spermidine
Intercept 0.042641 1 0.042641 795.2644 0.000000
Radiation 0.001107 2 0.000554 10.3233 0.000582
Salinity 0.004175 3 0.001392 25.9522 0.000000
Radiation x salinity 0.001653 6 0.000275 5.1381 0.001604
Cadaverine
Intercept 0.071863 1 0.071863 474.7538 0.000000
Radiation 0.000045 2 0.000022 0.1479 0.863323
Salinity 0.001835 3 0.000612 4.0401 0.018522
Radiation x salinity 0.002857 6 0.000022 0.1479 0.863323
Free polyamines
Intercept 536.6422 1 536.6422 1,886.210 0.000000
Radiation 1.1360 2 0.5680 1.996 0.157742
Salinity 39.5625 3 13.1875 46.352 0.000000
Radiation x salinity 2.5608 6 0.4268 1.500 0.220551
Putrescine/Spermidine
Intercept 533,870.6 1 533,870.6 636.4587 0.000000
Radiation 10,103.2 2 5,051.6 6.0223 0.007593
Salinity 16,065.5 3 5,355.2 6.3842 0.002460
Radiation x salinity 18,682.6 6 3,113.8 3.7121 0.009417
NADH
Intercept 92,221.83 1 92,221.83 1,778.534 0.000000
Radiation 283.92 2 141.96 2.738 0.078195
Salinity 1,923.40 3 641.13 12.364 0.000010
Radiation x salinity 421.90 6 70.32 1.356 0.258621
Complex II
Intercept 481.9669 1 481.9669 1,856.694 0.000000
Radiation 3.2045 2 1.6022 6.172 0.004956
Salinity 9.8298 3 3.2766 12.623 0.000009
Radiation x salinity 18.4918 6 3.0820 11.873 0.000000
Proteins
Intercept 91.19053 1 91.19053 2,030.907 0.000000
Radiation 0.45180 2 0.22590 5.031 0.011837
Salinity 0.19178 3 0.06393 1.424 0.251789
Radiation x salinity 0.59543 6 0.09924 2.210 0.064473
The bold entries significe (p <0.05)
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N levels (Fig. 1b) showed variable fluctuation with no major
clear trend for any UVR or salinity.
Respiratory chain complex activities and proteins
After 7 days of cultivation of S. cymosum with different
radiation and salinity treatments, bifactorial ANOVA showed
few statistical differences in the biochemical analyses
(Fig. 2a–c). NADH dehydrogenase activity (Fig. 2a) and
soluble protein content (Fig. 2c) showed no statistical differ-
ences when treated with UVR and salinity. Complex II activ-
ity (succinate-2,6-DCIP-oxidoreductase activity) (Fig. 2b)
was the only biochemical profile with significant differences
between the treatments.
Polyamines
The content of PAs in S. cymosum plants under UVR and
salinity treatments showed statistical differences (Fig. 3a–e)
when compared to control PAR-only. SPM was not detected
in any treatment. Putrescine content (Fig. 3a) was negatively
influenced by UVR and salinity treatments, especially when
treated with PAR+UVA and PAR+UVB. Even though CAD
content showed no significant differences under UVR and
salinity treatments (Fig. 3b), a diminishing trend was observed
in all UVR treatments when compared to control. SPD content
presented a significant decrease in almost all UVR and salinity
treatments when compared to control at 30 and 35 psu
(Fig. 3c).
Fig. 1 Content of carbon (C) and nitrogen (N) in S. cymosum plants after 7 days of exposure to different laboratory radiation and salinity treatments (n=
4, mean±SD). Letters indicate significant differences according to bifactorial ANOVA and Tukey’s test (p≤0.05). a Carbon. b Nitrogen
Fig. 2 NADH dehydrogenase and complex II activities and soluble
protein content of S. cymosum plants after 7 days of exposure to different
laboratory radiation and salinity treatments (n=4, mean±SD). Letters
indicate significant differences according to bifactorial ANOVA and
Tukey’s test (p≤0.05). a NADH dehydrogenase activity. b Complex II
activity. c Protein content
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Total free PAs (PUT+CAD+SPD) showed statistical differ-
ences (Fig. 3d), with a major reduction in their content when
plants were treated with PAR+UVA and PAR+UVB. The ratio
of PAs (PUT/SPD) also showed statistical differences when
treated with UVR and salinity (Fig. 3e). This ratio was lower
in control plants and treatment with PAR+UVB in all salin-
ities. The highest values were observed in plants treated with
PAR+UVA and PAR+UVB in 40 psu. Salinity itself showed
no differences in the ratio of PAs between treatments.
Metabolic profiling by attenuated total reflection Fourier
transform infrared spectroscopy and chemometrics
One- and two-dimensional ATR-FTIR spectroscopy has increas-
ingly been used for complex matrix analysis, such as biofluids
and plant extracts in metabolomics studies (Kuhnen et al. 2010).
FTIR is a physicochemical method that measures the vibrations
of bonds within functional groups and generates a spectrum that
can be regarded as a metabolic “fingerprint” of the sample. It is a
flexible analytical technique that can supply qualitative and, in
some cases, quantitative information with minimal, or no, sam-
ple preparation of complex biological matrices (Coimbra et al.
1998; Ferreira et al. 2001).
In this study, a descriptive model was built based on the
calculation of the principal components (PCAs) for the FTIR
dataset. PCA of the FTIR spectral dataset (3,000–600 cm−1)
allowed classification of the samples into three groups (data
not shown) which, according to the factorial contribution
values (loadings), resulted mostly from the carbohydrate con-
stituents (1,057 and 1,012 cm−1) of the algal biomass. Thus, in
Fig. 3 Content of free polyamines (PAs) of S. cymosum plants after
7 days of exposure to different laboratory radiation and salinity treatments
(n=4, mean±SD). Letters indicate significant differences according to
bifactorial ANOVA and Tukey’s test (p≤0.05). a Putrescine. b
Cadaverine. c Spermidine. d Total free polyamines. e Ratio of
putrescine/spermidine (spermine was determined, and the values for all
samples were 0).
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a further series of experiments, the principal component cal-
culation took into account the dataset from the spectral win-
dows typical of carbohydrates (1,200–950 cm−1), proteins
(1,650–1,550 cm−1), lipids (2,950–2,850 and 1,743 cm−1),
and phenolics (920–800 cm−1), as previously reported
(Schulz and Baranska 2007; Kuhnen et al. 2010).
The spectral dataset from the fingerprint region of lipids did
not allow a clear discrimination of the samples, in contrast to
that of carbohydrates, proteins, and phenolic compounds.
Similarity was detected in the carbohydrate composition of
algal biomasses from the 35 psu plus PAR+UVA treatment
and the 30 and 40 psu plus PAR+UVA+UVB treatments
which were grouped into PC1+/PC2− (Fig. 4, samples
surrounded by ellipsis), mostly by their starchy fraction
(1,012 and 1,055 cm−1). However, it was possible to show a
distinct metabolic profile resulting from the exposure of the
algae to the 40 psu plus PAR+UVA+UVB treatment by using
the fingerprint regions of proteins and phenolics. In both
cases, the samples were found to co-occur in PC2+/PC1− .
Discussion
In photosynthetic organisms, the stress caused by UVR can
lead to diverse morphological-like tissue necrosis and defor-
mation, loss of parts of the thalli, blistering, curling, and
thickening of the meristematic region ((Michler et al. 2002;
Roleda et al. 2004), as well as anatomical, physiological,
biochemical, and molecular alterations. In this sense, high
doses of UVR trigger acclimation mechanisms in exposed
benthic macroalgae, enabling them to tolerate the stressful
condition and generating, in turn, a series of responses to
maintain control over biological homeostasis (Viñegla and
Figueroa 2009). Fluctuations in salinity represent another
stress factor that can have a deleterious effect on marine
aquatic organisms by, for example, affecting reproductive
patterns in S. muticum (Hales and Fletcher 1990; Norton
et al. 1996; Steen 2004) and growth rates in L. digitata,
F. vesiculosus, and F. serratus (Gordillo et al. 2002). The
present study shows that S. cymosum presented a series of
metabolic responses when exposed to UVR and salinity treat-
ments. Carbon (C) content of S. cymosum exhibited a fluctu-
ation between treatments but generally decreased under the
influence of UVA, UVB, and UVA+UVB. This reduction of
cellular content can represent a defense mechanism by using C
storage sources to activate the antioxidant system in order to
protect cells against UVR damage. This response can be
supported by the carbon-nutrient balance hypothesis
(CNBH) which holds that plants acquiring resources in excess
of growth demands shunt these resources into the production
of secondary metabolites (Lerdau and Coley 2002). Thus,
under stressful conditions, such as excess light, temperature,
UVR, and fluctuating salinity, but with limited availability of
Fig. 4 Principal component analysis (PCA) scores scatterplot for FTIR
spectra of S. cymosum plants after 7 days of exposure to different
laboratory radiation and salinity treatments in the fingerprint region of
carbohydrates (950–1,250 cm−1 wave number). The grouping of the
treated samples with 35 psu plus PAR+UVA and the 30 and 40 psu plus
PAR+UVA+UVB into PC1+/PC2− is highlighted by ellipsis
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nutrients, plants are predicted to allocate the “excess” of C to
produce phenolic compounds or increase cell wall thickness,
as C-based defenses. Polo et al. (2014) reported both phenom-
ena by ultrastructural studies. When S. cymosum was treated
with UVR, the plant showed an increase in cell wall thickness
by the accumulation of multiple cell layers that could act as a
protection against the negative effects of high irradiation
(Gómez and Huovinen 2011). In the same study (Polo et al.
2014), the authors reported an increase in physodes containing
phenolic compounds nearly to the cell wall and extruding
through it, probably acting as a photoprotective mechanism
against UVR. On the other hand, although nitrogen (N) con-
tent did not show a clear trend, it was still significantly
affected. Again, the dynamic fluctuation of tissue N can be
related to the allocation of energy (C) and nutrient (N) to
activate defense mechanisms that preserve physiological ho-
meostasis and cellular integrity. However, according to
Hamilton et al. (2001), C and N are allocated to the production
of secondary metabolites only after the requirements for
growth are met.
Tissue C and N contents, which are closely related to the
nutritional state of macroalgae for normal growth (Lapointe
1981; Lapointe and Duke 1984; Hwang et al. 1987; Andria
et al. 1999), act as a dynamic source of storage for allocation
of C and N balance. C allocation under stress conditions has
been reported for other algae (Shuter 1979; Arnold and
Manley 1985; Macler 1988; Smith et al. 1989; Legendre
et al. 1992; Mock and Gradinger 2000; Plante and Arts
2000; Lee et al. 2008), and C flux through glycolytic and
respiratory pathways can boost protective mechanisms, thus
avoiding unnecessary accumulation as reserve (Turpin et al.
1988; García-Sánchez et al. 1993; Vergara et al. 1995). The
fluctuating response of C content in S. cymosum exposed to
UVR condition could explain the increasing trend of growth
rate observed for the same species by Polo et al. (2014). In this
case, C storage was found to be allocated for both growth and
defense, most likely by producing secondary metabolites as
phenolic compounds.
In conditions of high availability of N, it has been reported
that tissue C content decreases in response to N assimilation
(García-Sánchez et al. 1993; Vergara et al. 1995). In the
present study, this situation was observed in all UVR-treated
S. cymosum plants, with C levels trending toward reduction
when exposed to UVR and salinity. The influence of N on the
metabolism of macroalgae is important since this element is
essential for the maintenance of several metabolic routes. In
addition, algae are more sensitive to environmental variations
when their intracellular N reserves are exhausted. No consen-
sus has been reached on the ultimate limiting nutrient in the
marine environment, but several studies suggest N as the
immediately limiting nutrient (Lobban and Harrison 1994),
and as reported by some authors, an increase in availability of
N, such as nitrate and ammonium, will result in higher growth
rates in various algae (Ryther and Dustan 1971; DeBoer et al.
1978; Bird et al. 1982; Lapointe and Duke 1984; Hanisak
1990; García-Sánchez et al. 1993; Chow and Oliveira 2008;
Chow 2012).
In the present study, NADH dehydrogenase activity of
S. cymosum showed no differences in any of the treatments.
These results differ from those observed by Schmidt et al.
(2012b) for the macroalga Hypnea musciformis (Wulfen) J.V.
Lamouroux in which an increase in NADH dehydrogenase
activity was evidenced when exposed to PAR+UVBR.
Complex II activity decreased in all S. cymosum plants culti-
vated in 30 psu after exposure to UVR. These results agree
with impaired mitochondrial function, probably resulting
from a blockage in the electron transport system induced by
the stress-inducing treatments. Under these conditions, com-
plexes I and II of the respiratory chain favor the generation of
mitochondrial reactive oxygen species (ROS) (Turrens 1997;
Turrens and Boveris 1980). Furthermore, ROS formed at the
NADH dehydrogenase site of complex I are released into the
mitochondrial matrix (Chen et al. 2003), thereby eliciting
oxidative damage to mitochondrial enzymes, including the
complexes of the respiratory chain, enzymes of the Kreb’s
cycle, and several other sensitive proteins, as well as mtDNA
(Bandy and Davison 1990; Zhang et al. 1990; Hausladen and
Fridovich 1994). However, S. cymosum plants treated with 35
and 40 psu showed no differences in NADH dehydrogenase
and complex II activity.
Soluble protein content of S. cymosum showed no signifi-
cant differences. However, for other macroalgae species, the
combination of PAR+UVR has been reported to inhibit pro-
tein metabolism, probably by altering biosynthesis pathways
or protein mobilization for repair processes, including the
activation of antioxidant defense (Poppe et al. 2002;
Schmidt et al. 2012a).
Few reports have examined the metabolism of polyamines
(PAs) in macroalgae, and many studies have focused on the
roles that PAs play in cellular development or in response to
salinity (Schweikert et al. 2011). Recent studies have corre-
lated the function of PAs with abiotic stress defense mecha-
nisms, and in the present study, PA levels showed significant
changes when treated with UVR and salinity. PAs are a group
of aliphatic amines important for both plant and algal devel-
opment and stress resistance (Martin-Tanguy 2001; Li and
Burritt 2003; Hunter and Burritt 2005; Baron and Stasolla
2008; Burritt 2008), and their importance in the membranes
of photosynthetic complexes has also been demonstrated in
unicellular algae (Beigbeder et al. 1995; Doernemann et al.
1996; Sfichi et al. 2004; Sfichi-Duke et al. 2008). They are
found as free amines bound to small molecules, such as
hydroxycinnamic acid, or to larger molecules, such as proteins
or nucleic acids, with the most common PAs being putrescine
(PUT), spermidine (SPD), and spermine (SPM) (Tiburcio
et al. 1993; Lee 1998). While SPM was not detected in this
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study, the more uncommon cadaverine (CAD) was detected.
Other authors have also reported CAD in a large number of
biological systems, including land plants, animals, and other
groups of algae and bacteria (Smith et al. 2001).
UVR and salinity trigger biochemical and metabolic pro-
tective responses in plants and algae, including changes in
antioxidant molecules and enzymatic activities, as well as the
content of PAs. PUT usually increases in response to stress
(Flores 1991), but in this study, a decrease in PUT and SPD
contents was observed in plants treated with UVR. These
results also differ from those of Schweikert et al. (2011) who
reported that exposure of P. cinnamomea to UVA showed
nonsignificant fluctuations in the levels of PAs, but when
treated with UVB, an increase in PAs was observed. Smith
et al. (2001) also found that UVA had no statistically signif-
icant effect on the level of PAs in higher plants.
Several environmental stresses, like temperature, gaseous
pollutants, and contrary to the findings of the present study,
UVB, are related to an increase in free PUT (Flores 1991;
Kramer et al. 1991, 1992). Although levels can increase in
response to stress, the efficacy of PUT in plant defense is
uncertain, and its high levels are often associated with high
levels of cell division and DNA replication (Galston and
Kaur-Sawhney 1995). Since (1) SPD is synthesized from
PUT and (2) the levels of PUT decreased in response to
UVR, a reduction in SPD is also expected. SPD is not usually
associated with responses to environmental stress (Flores
1991), but its exogenous application has been reported to be
effective in preventing stress-induced injury via unknown
mechanisms (Bors et al. 1989).
Several factors could play an important role in the reduc-
tion of PAs, as observed in this study. First, the amount of PAR
delivered during exposure to UVR in the present study was
70 μmol photons m−2 s−1, which is a low irradiance treatment
when compared to other studies. Studies on higher plants have
shown that changes of PAs under UVB are dependent on the
amount of PAR delivered during the application of UVB such
that PAR levels below 300 μmol photons m2s−1cause a gen-
eral decline in total PAs (Cen and Bornman 1990; Kramer
et al. 1992; Smith et al. 2001). It has been observed that the
background level of PAR determines whether PAs will in-
crease or decrease in response to stress, suggesting light as a
regulatory factor. Second, levels of PAs can increase in re-
sponse to UVB by binding to phenolic molecules. Moreover,
PAs are involved in establishing the primary cell wall by
helping to cross-link cellular components, such as
polysaccharide-bound phenols (Miret et al. 1992; Berta et al.
1997). Therefore, levels of major PAs could be a reflection of
PAs bound to phenolic compounds and polysaccharides as
conjugates, the most defensive form of PAs. Additionally,
Polo et al. (2014), using microscopy analyses, detected phe-
nolic compounds migrating through the cell wall, but
degrading. This could also explain the low levels of free PAs
found in S. cymosum. In addition, the same authors found that
the absorbance screening of the extruded substance to the
seawater from UVR treatments showed an increase of com-
pounds absorbing between 300 and 400 nm, probably related
to the outflow of phenolic compounds and other UV-
absorbing compounds. This could explain why it was not
possible to detect conjugated PAs. Third, chlorophyll levels
are also dependent on light, and they are closely associated
with PAs. All photosynthetic pigment-protein complexes con-
tain PAs in the conjugated form, including the reaction center
of PSII (Kotzabasis et al. 1993). These complexes also regu-
late chlorophyll biosynthesis (Beigbeder and Kotzabasis
1994), stabilize thylakoid membrane, retard protein degrada-
tion, and inhibit chlorophyll decomposition (Besford et al.
1993). Given these collective functions, the decrease of free
PAs in S. cymosum plants treated with UVR could be associ-
ated with the chlorophyll loss reported by Polo et al. (2014)
for this species. In this way, PAs degraded in response to UVB
may contribute to the oxidative burst that initiates the signal
transduction pathway leading to the induction of stress de-
fense mechanisms (Smith et al. 2001). Finally, it has been
reported that PAs play a key role in regulating the structure
and function of the photosynthetic apparatus (Kotzabasis et al.
1993; Sfichi et al. 2004). For example, when endogenous
plant balances have been restored by secondary responses
(e.g., biosynthesis of carotenoids, in the case of UVB treat-
ment) and the plant is acclimating to the altered environmental
conditions, thylakoid-associated PAs are reduced (Lütz et al.
2005). Under these conditions, an increase in bound PAs,
whether by conjugation to phenolics or by establishing the
primary cell wall, could cause the content of free PAs to
decrease as a hypersensitive response (Torrigiani et al.
1997), which bears a resemblance to common UVB re-
sponses, i.e., an oxidative burst and subsequent cell death
(Allen and Fluhr 1997).
Similarities in metabolic profiles of carbohydrates, pro-
teins, and phenolics of S. cymosum exposed to UVR were
also detected through ATR-FTIR coupled to PCA, a multivar-
iate statistical technique, thus adding extra information not
detected by the biochemical analyses. The starch metabolism
of the algae seemed to be sensitive to the variations of UVR
and salinity according to the findings herein shown.
Moreover, the exposure to 40 psu plus PAR+UVA+UVB
treatment imposed a perturbation to the plants’ phenolic and
protein metabolism. While it is not a selective technique,
ATR-FTIR spectroscopy has been able to discriminate among
biological samples according to their chemical components
when coupled to multivariate statistical techniques as
employed in the present study. Taken together, the results
from this preliminary metabolomics approach suggest the
need for further studies on the phenolic compounds and
protein metabolism of S. cymosum in response to exposure
to high salinity and PAR+UVA+UVB radiation.
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Meanwhile, based on the results of the present study, we
can conclude that S. cymosum is more sensitive to UVR than
salinity. The fluctuation of CN could be explained by the
carbon-nitrogen balance hypothesis, in which the allocation
of these resources is used to maintain such basic biological
pathways as growth and promote defense mechanisms against
UV radiation, such as polysaccharide thickening of the cell
wall, phenolics compounds as physodes, and PAs. Decrease in
the content of PAs could be related to (1) the low amount of
PAR delivered during exposure to UVR, (2) PAs bound to
phenolic compounds migrating through the cell wall and
subsequently being degraded, or (3) chlorophyll degradation
and concurrent reduction of PAs associated with chlorophylls.
This is one of the few studies relating abiotic stress conditions
to the content of PAs; however, further studies are required to
elucidate variations in the levels of free and conjugated PAs
upon exposure of algae to UVR. The fact that PUTwas found
at levels similar to those of the seaweed concentrate made
from Ecklonia maxima (Osbeck) Papenfuss (Papenfus et al.
2012), which is used to improve the health and growth of
higher plants as a natural biostimulus, suggests that
S. cymosum could be exploited as a complementary com-
pound added to commercial fertilizers. Finally, the fact that
S. cymosum possesses effective defense mechanisms against
UVR and salinity makes it a potential species for studies
related to its use as a natural product, in addition to its
potential use in nutraceutical products, human food, and ani-
mal feed.
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